The authors demonstrate that the fluorescence lifetime of certain fluorescent labels is a useful parameter to detect affinity binding between biotin and streptavidin, as well as between biotinylated bovine serum albumin and streptavidin. The assay is performed in a microplate format, and lifetimes are determined using dye laser-induced fluorescence. Four fluorescent labels are presented that undergo a significant change in their lifetime upon affinity binding. The scheme, referred to as the fluorescence lifetime affinity assay, has several attractive features in that it requires single labeling only, represents a homogeneous assay, allows each of the 2 binding partners to be labeled, and is compatible with the standard microwell formats used in highthroughput screening. (Journal of Biomolecular Screening 2005:687-694) 
INTRODUCTION
H IGH THROUGHPUT SCREENING (HTS) is widely applied to discover novel lead structures for drug development, for example, by molecular docking. [1] [2] [3] Compared to traditional drug screening methods, HTS is characterized by its simplicity, rapidness, low cost, and high efficiency, taking the ligand-target interactions as the principle, as well as leading to a higher information harvest. As a multidisciplinary field, HTS involves an automated operation platform, a sensitive testing system, a specific screening model, a library, and a data acquisition and processing system. In today's HTS environment, numerous detection technologies are routinely used in lead-finding programs. 2, 4 Quite a variety of methods are known in (and have been applied to) lead finding. [2] [3] [4] Fluorescence (with its various parameters, including fluorescence intensity, 5 lifetime, polarization, and anisotropy, 6 and its numerous assay formats that include from resonance energy transfer, time-resolved energy transfer, and fluorescence fluctuation spectroscopy) is likely to remain among the most im-portant detection approaches used for HTS due to its high sensitivity and amenability to automation. In terms of sensitivity, fluorescence correlation spectroscopy (FCS) 7 is the method of choice. It is based on time-averaging fluctuation analysis, which is usually performed in confocal setups, and combines maximum sensitivity with high statistical confidence. FCS has proven to be very versatile and powerful for detection and temporal investigation of biomolecules at ultra-low concentrations on surfaces and in solution. Chemiluminescence and bioluminescence (including bioluminescence resonance energy transfer) are known to be sensitive and to be applicable to both small and large volumes. 8 Other affinity assays used in HTS include radioassays and surface plasmon resonance (SPR), which is rapidly gaining popularity but was less amenable to high parallelization until recently. 3 SPR can detect any binding process between ligand and receptor in real time without the need for fluorescent or radioisotopic labels and therefore is capable of characterizing unmodified biopharmaceuticals. Most notably, SPR works on surfaces only, and use is made of sensor chips, onto which one of the binding partners is immobilized. Recently, assays based on the use of artificial receptors, sometimes referred to as "plastic" antibodies, have been suggested. 9, 10 Electrochemical affinity assays also can be quite sensitive but are less often used in practice. 11, 12 Electroanalytical methods, in fact, have more often been used to determine parameters such as solubility, permeability, lipophilicity, pKa, stability, and integrity. 13 HTS based on measurement of fluorescence intensity is widely used but has limitations because the fluorescence intensity of a given sample represents a nonreferenced analytical signal that depends on several factors, as can be seen from Parker's law (equation (1)), which relates fluorescence intensity (F) with the intensity (I 0 ) of the exciting (laser) beam, the molar absorbance (ε) of the label, the penetration length of the exciting beam (l), the quantum yield of the label (QY), and instrumental geometries (by introducing a geometrical factor k):
The equation only holds for solutions whose absorbance does not exceed~0.05 (per cm), but this condition is often fulfilled in microplate assays, where l typically is 0.5 to 5 mm. The situation is somewhat more complicated, however, in epifluorescence microscopy, in which additional features such as backscatter of fluorescence as well as reabsorption of light need to be considered. As a result of the many variables, fluorescence intensity often depends on parameters other than concentration. If, for example, the light source fluctuates in intensity (I 0 ) or the geometry of the system is slightly changed (thereby affecting k), the fluorescence intensity will change even at constant concentration of the label of the fluorescent analyte. So-called self-referenced methods provide a solution to this limitation. Among these, fluorescence polarization and fluorescence resonance energy transfer (FRET) are particularly useful. In the first, the analytical signal is referenced to the plane of the exciting beam of polarized light. In the second, the ratio of 2 fluorescence intensities at 1 excitation is related to analyte (or label) concentration. Fluorescence polarization assay (FPIA) requires labeling of a single species only. FRET, in contrast, requires both binding partners employed in an affinity assay to be labeled. This is a major drawback of FRET assays, even though they are quite versatile in that they can be based on measurement of either fluorescence intensity or lifetime.
FPIA, in contrast, requires single labeling only and is based on the measurement of the rotational correlation time of the bound label. Thus, the choice of label (with its specific lifetime) is critical for a given molecular mass of the analyte. Fluorescence polarization has its strength when detecting large changes of mass following a binding event. In general, affinity assays (and receptor-ligand studies) of very large molecules require labels with relatively long lifetimes. A fairly new self-referenced scheme is referred to as dual luminophore referencing (DLR). 14 Here, the luminescence of a first luminophore is related to that of an added reference fluorophore having a much longer lifetime, and changes in intensity are converted into a phase shift when using a sine-modulated excitation source. In this scheme, the decay profile (or phase shift) of the emission is related to the respective excitation signal.
Fluorescence lifetime is an attractive parameter by itself in being self-referenced. It is preferably determined in either the time domain or the frequency domain 15 and has been used, for example, in optical sensors and imaging schemes in which the respective indicator probes change their lifetime in response to the concentration of an analyte such as pH and oxygen. 16 Although we use the term lifetime in this work, we believe that the term decay time is more appropriate because it cannot be confused with operation lifetime or shelf lifetime.
Fluorescent protein labels, in contrast to indicators, are expected not to undergo a change in their lifetime in response to any chemical species. In fact, it was recognized quite some time ago that the lifetime of a label changes on affinity binding, but the practical implementation of respective assays is limited to long (> 1 µsec) decaying emissions of suitable labels, which have their merits because long lifetimes can be determined with adequate instrumental effort. Labels based on metal ligand complexes have found particular interest. Most europium and terbium complexes, for example, have lifetimes in the µsec to msec range and also display line-like and long-wave emissions. Various methods have been developed for use in affinity assays, and these include formats such as DELFIA, FIAgen, and time-resolved energy transfer (TR-ET). [17] [18] [19] However, they require UV excitation and enhancer reagents, and assay protocols are complicated. Due to their long lifetimes, gated assays also have been reported and-in fact-are widely used, but gated assays are intensity-based (rather than lifetime-based) schemes. Thus, they are not self-referenced. Several other lifetime immunoassays and gene assays have been reported based on labels with long (i.e., µsec and msec) lifetimes. Ruthenium labels have been used in polarization and FRET lifetime assays. 20, 21 Recent advances in lifetime-based sensing have led to fairly small-sized and laser-based instrumentation for the measurement of lifetimes in the nanosecond time domain. [22] [23] [24] The need for small-sized and affordable instrumentation for lifetime-based assays also is driven by the fact that most of the protein labels used nowadays have lifetimes in the order of 0.5 to 5 nsec. Turconi et al 25 have performed a binding study using Cy5 as a single fluorescent label for lifetime detection with a confocal microplate reader. The fluorescent lifetime of the label increased from 0.9 to 1.45 nsec upon affinity binding of labeled biotin to streptavidin. When using such labels, the excitation light source can be pulsed at high rates, thus enabling a large number of measurements to be performed in short time. Lifetimes therefore can be determined with high precision and a high signal-to-noise ratio. Microplate readers also have become available recently that enable the rapid detection of such short lifetimes.
However, although almost any pair of labels can be used for FRET if they match the fundamental conditions of the Förster relation, the choice of label is much more critical in the case of the fluorescence lifetime affinity assay (FLAA). This results from the need for a large relative change in the lifetime of the label (on a protein) following affinity binding to its counterpart. Unfortunately, the change in lifetime upon binding is virtually unpredictable.
We present an affinity assay scheme that is based on the measurement of fluorescence lifetime in the nanosecond time domain. This has become possible after having discovered several fluorophores that, after conjugation to a protein, undergo a substantial change in lifetime following affinity binding. These findings have enabled the straightforward affinity assay described here.
EXPERIMENTAL PART

Acquisition of spectra and lifetimes
Absorption spectra were acquired on a Cary 50 Bio UV-visible spectrophotometer (from Varian; www.varianinc.com), and emission spectra were acquired on an Aminco Bowman series 2 luminescence spectrometer (www.thermo.com) equipped with a 150-W xenon lamp as the excitation source.
Lifetimes of labeled proteins in 96-well microplates (type 96F, black; Nunc, www.nunc.de) were determined under standard conditions using a LF 401 NanoScan HT microplate reader (from IOM, www.iom-berlin.de). The device pulses the excitation beams at a repetition rate of 50 Hz. Excitation and emission wavelengths were set to 505 and 630 (±25) nm, respectively. The signals for single data points were averaged over 16, 32, or 64 laser pulses, depending on the signal-to-noise ratio. The resolution of the reader is ±80 ps at a lifetime of 0.5 nsec, 50 ps at 1.5 nsec, and 40 ps at 2.5 nsec. A 96-well plate can be scanned in 110 sec (when averaged over 16 pulses per well) and a 384-well plate in 300 sec.
Labels
Labels L-1, 26 Py-1, 27 and Py-4 28 were synthesized as described in literature. Label Py-6 was synthesized by analogy to the protocol for Py-1 in a single reaction step from 1,1,3-trimethyl-1,3dihydro-benz[e]indol-2-yliden)-acetaldehyde and 2,4,6trimethylpyrylium tetrafluoroborate. The chemical structures of the labels are given in Figure 1 and spectral data in Table 1 . The labels Py-1, Py-4, and Py-6 give violet to blue solutions and are virtually nonfluorescent before reaction with a primary amine or conjugation to a protein. All Py dyes undergo a significant short-wave shift in the absorption bands upon conjugation. The L-1 label is different in that it is an oxysuccinimide ester of a carboxy acid (see Fig. 1 ).
Chemicals and solvents were purchased from either Sigma (www.sigmaaldrich.com), Fluka (www.sigmaaldrich.com), or Merck (www.merckeurolab.com). They were of analytical grade and used as received. The 100-mmolar phosphate buffer (PB) of pH 7.2 was prepared by dissolving 25.79 g of Na 2 HPO 4 • 12 H 2 O and 4.37 g of NaH 2 PO 4 • 2 H 2 O in 1 L of doubly distilled water. A 50-mmolar bicarbonate buffer (BCB) was prepared by dissolving 2.1 g of NaHCO 3 in 500 mL doubly distilled water and adjusting the pH to 9.0 with 0.1 M NaOH.
Conjugation
Labeled biotins (Bt*) were obtained by dissolving 5 mg (13.6 µmol) of biotin ethylenediamine (from Sigma) in 5 mL methanol containing 1 µL of triethylamine. The labels (the OSI ester of L-1 or the Py labels) were first dissolved in a 1.5-fold molar excess over biotin in dimethylformamide (DMF) and added under stirring to the solution of biotin ethylenediamine. The mixture was refluxed for 2 h and the solvent removed under vacuum. The labeled biotin was separated from unlabeled biotin and excess of label by column chromatography using a 7-cm column filled with silica gel 60 RP-18 (40-63 µm) as the stationary phase and a methanol/chloroform mixture (1:1, v/v) as the eluent. The labeled biotins were characterized by ESI mass spectroscopy.
Labeled streptavidins were obtained by dissolving 1 mg of streptavidin (from Sigma) in 500 µL BCB. Thereafter, 0.1 mg of the label (the L-1 OSI ester or the respective Py dye) was first dissolved in 10 µL of DMF and then slowly added to the protein solution. After a reaction time of 1 h at room temperature, the conjugate was purified by size exclusion column chromatography using Sephadex G25 (from Sigma) as the stationary phase and phosphate buffer as the eluent. The concentration of the labeled streptavidin was determined via its absorption at 280 nm (ε 280 nm = 176,000 L cm -1 mol -1 ), after correction for the intrinsic absorbance of the dye, which amounts to around 6000 to 10000 L cm -1 mol -1 .
Microplates whose wells were coated with labeled streptavidin were obtained from streptavidin-coated microplates (being blocked with nonproteomic blocking buffer; product no. 15119; Pierce, www.perbio.com). Their binding capacity is specified by the manufacturer as being~5 pmol of biotin per well. Each well was washed 3 times with PB, washed once with BCB, and then loaded with 100 µL of BCB. In parallel, 1 mg of the amino-reactive label Py-6 was dissolved in 100 µL of DMF. Then, different quantities of the dye solution were added to the wells (typically 1 µL, 2 µL, and 5 µL). After an incubation for 1 h, excess label was washed out with PB to give microwells, in which the streptavidin on the bottom of each well is labeled at different dye-to-protein ratios.
RESULTS AND DISCUSSION
Choice of the affinity system
We have chosen the streptavidin-biotin (SA-Bt) affinity system because it is most established as a model system, with the resulting assay simple and popular. Both species involved can be labeled easily with fluorophores by applying standard protocols. Streptavidin (SA) binds biotin (Bt) with extremely high affinity, with the K A in solution being around 10 15 M -1 . This strong and specific binding has resulted in many powerful bioanalytical applications but also is often used as a model in studying receptor-ligand interactions. 29 Moreover, the system offers additional advantages because it represents an almost universal system, and antibodies can be easily biotinylated without loss of biological activity. Fi-Measuring Fluorescence Lifetime in the Nanosecond Domain nally, SA is a very stable protein that usually is not deactivated upon labeling. 30
Choice of labels
Numerous fluorophores are known for labeling proteins. However, good labels are insensitive to their microenvironment and do not undergo a change in their absorption and emission maxima on conjugation and, subsequently, on affinity binding. One needs to discern between (a) changes in lifetime that occur on conjugation of the label to a protein and (b) changes that occur on affinity binding. The second important aspect is the exponentiality of the decay. Many labels, after having been conjugated to proteins, display multiexponential rather than monoexponential lifetimes (τ). Multiexponential decays are usually characterized by the lifetimes and the respective weighting factors (i.e., the contribution of a single exponential to the total decay profile). The fraction (weighing factor) of each component (each τ) may change on affinity binding, a situation that is highly undesirable in practice.
We have screened numerous labels out of a series of commercially available pyrylium, cyanine, and cumarin dyes, but only a few showed (a) significant ∆τ when linked to Bt and then bound to SA (or vice versa) and (b) a > 90% monoexponential decay (a criterion set by ourselves). Four labels were finally chosen. Their chemical structures are given in Figure 1 . Label L-1 has a high quantum yield (QY) in both the reactive (label) form and in the protein-conjugated form. The Py labels are different in being virtually nonfluorescent but strongly fluorescent after conjugation to a protein. The lifetimes of the labels sometimes are smaller than 0.1 nsec but increase to 2.5 nsec if conjugated to a protein (or after affinity binding). Table 1 summarizes the photophysical data of suitable labels.
Py-1, Py-4, and Py-6 are exceptional (and therefore termed chameleon) labels because they undergo a significant change in color following conjugation to a protein (e.g., from blue to red). This is due to the fact that labeling causes a major change in the electronic structure of the fluorophore, as shown in Figure 2 . In addition, the free labels are virtually nonfluorescent, whereas the re- spective protein conjugates have quantum yields between 0.3 and 0.5 (Table 1) . Finally, the fluorescence of Py-labeled proteins has an unusually large Stokes's shift, a fact that facilitates the separation of fluorescence from interfering residual light. Conceivably, labels with even longer lifetimes may be investigated, for example, labels based on heterocyclic fluorophores, such as (quaternized) quinolines and acridines, and on acridones as well as quinacridin(on)es. These are reported to have lifetimes exceeding 10 nsec, but unfortunately, protein-conjugatable forms have not been described so far.
Py
Fluorescence lifetime affinity assays (FLAA) using labeled biotin and streptavidin
Biotin ethylenediamine was labeled with Py-1, Py-4, or Py-6. The resulting conjugates were titrated with SA by adding varying quantities of SA into the wells of a black 96-well microplate to the stock solution of the labeled biotin (Bt*). The total volume was 250 µL. The concentration of Bt* was 8 × 10 -7 mol L -1 in all experiments. The lifetimes of the 3 systems were determined after 30 min. Binding curves were established from the lifetime data and are shown in Figure 3 . The shapes of the 3 plots in Figure 3 are largely different. Bt* labeled with Py-4 gives the largest increase in lifetime (∆τ > 0.6 nsec), whereas Bt* labeled with Py-6 gives a higher slope and the lowest limit of detection (which was determined graphically and is defined as 3σ/slope, where σ is the standard deviation for n = 3).
The binding curves of the titration of Bt* labeled with Py-6 reach saturation at a Bt*/SA ratio of 0.25, obviously because SA can bind 4 Bt. However, the respective plot for Bt* labeled with Py-4 and titrated with SA displays saturation only when (statistically) 2 Bt* are attached to 1 SA. Finally, the system Bt* labeled with Py-1 and titrated with SA reaches saturation at a Bt*/SA ratio of 0.4. This cannot be explained at present.
To assess the quality of these results, the parameter Z′ was determined for each system. Z′ is a parameter applied to statistically assess data obtained in HTS and reflects the robustness of the signal changes measured. 31 A Z′ value of more than 0.5 is considered to be indication for a reliable assay. Z′ is defined as 
where σ is the standard deviation, the "negative control" is the background signal, and the "positive control" is the signal after the assay has gone into saturation (i.e., the receptor is fully titrated). The results are given in Table 2 . They show that Z′ for each binding curve in Figure 3 is larger than 0.8, thus indicating a robust assay. The ∆τ in the binding curves of Bt*(Py-1) and Bt*(Py-6) is comparably small (only 250 and 270 ps, respectively). However, due to the good resolution of the instrument used and averaging, the error bars remain small (Fig. 3) .
It should be noted that the labels presented in this work also undergo changes in intensity, whose directions go in parallel to those in lifetime. However, they are not as distinct, and the error bars are larger. Moreover, fluorescence intensity is much more strongly affected by inner filter effects (see equation (1) ) and thus is a parameter that is clearly inferior to lifetime. It is also worth noting that in mixtures between free and bound species, intensity-weighted lifetimes are measured. Under these circumstances, there will be a nonlinear relationship between the fraction of the label in the bound form and in the uncomplexed form. This holds for both FIG. 2. Labeling chemistry of the Py labels showing that labeling causes a substantial change in the electronic structure of the chromophore (fluorophore), leading to a strong color change. R stands for the respective chromogenic/fluorgenic group given in Figure 1 . ligand-receptor and protein-protein interactions. Similar situations arise in fluorescence polarization assays. Py-6 seems to be the best label with respect to the limit of detection (LOD) and Z′, but the change in lifetime (τ) is rather small (250 ps). As can be seen from Table 2 , the change in lifetime (∆τ) is 0.61 nsec in the case of Py-4, which is distinctly more than with the other labels and results in a better resolution (given the fact that the instrument can resolve 80 ps). It should be noted that in the FLAA, the relative change in lifetime is adequate information, and precise data on lifetimes do not need to be known. Py-1 gives poor LODs and therefore was considered to be inferior to Py-4.
FLAA for the system Bt-BSA and labeled SA
The affinity system studied before (see Fig. 3 ) reflects the situation of a label attached to a small organic molecule. In the second example, a large molecule (bovine serum albumin [BSA]) was biotinylated, and its binding to a large labeled receptor (SA*) was investigated. SA was labeled with Py-1, Py-4, and L-1, respectively, and titrated with different quantities of Bt conjugated to BSA (Bt-BSA). The dye-to-protein ratio (DPR) of the conjugates with SA was determined to be 3.6 for Py-1, 5.3 for Py-4, and 2.5 for L-1. A plot of lifetimes versus the ratio of SA* and Bt-BSA is shown in Figure 4 . The concentration of SA* was kept constant at 33.3 nmol L -1 .
The resulting graphs reveal saturation at an equimolar ratio between Bt-BSA to SA*. However, SA is known to bind 4 biotins, and its binding capacity is not expected to be affected by labeling. It appears that the first binding step (first Bt-BSA to SA*) has the most distinct effect on the lifetime of SA*, whereas binding of additional Bt-BSA has only a marginal effect. This result may be explained by assuming that the label is located next to the first binding site of SA* for Bt and that the label is affected most strongly already by the first binding event. Another explanation results from the fact that-according to the manufacturer's specification-12 biotins are statistically attached to 1 BSA. Therefore, several streptavidins may be bound to 1 BSA. By assuming an equimolar ratio of SA* to BSA, a cluster composed of several SA* and Bt-BSA molecules may be formed. We did not observe precipitation, though.
LOD and Z′ values are summarized in Table 3 . SA* (Py-4) gives an unexpectedly large increase in lifetime (from 1.0-2.4 nsec), whereas SA* (Py-1) gives the best results with respect to LOD and Z′, as well as an increase in τ of more than 0.7 nsec, which is more than adequate in this application. As can be seen from Tables 2 and 3 , the LODs are in the range from 2.1 to 50 nM, which is okay for a variety of studies. To improve the LODs (which is needed, for example, in competitive-inhibition assays), the concentration of the label may be reduced.
FLAA using biotinylated BSA on solid-phase SA
The experiments described so far relate to solution assays. However, screening-like immunoassay-often is performed with colored or turbid solutions, and this may compromise the significance of the result due to inner filter effects, stray light, or intrinsic fluorescence of the sample or support. In such situations, it is desirable to have the receptor bound on the surface of a microplate and whose fluorescence can be more readily interrogated. This parallels the approach made in immunosorbent assays.
We have made use of commercially available SA-coated microplates, which were first labeled with Py-6 in different DPRs by adding different quantities of label solution to give "lifetime plates" (LPs), in which the SA on the surface of the microplate was present in a differently, intensely labeled form (see Experimental Part). Varying quantities of Bt-BSA were then placed in the wells, and after an incubation time of 30 min and without washing, the lifetimes were determined as a function of the quantity of Bt-BSA added. The results are plotted in Figure 5 . The curve obtained for the highest DPR is less steep than the others. The increases in lifetime are comparably small but larger at low DPR. However, the quality of an assay is not only dependent on the ∆τ but also on the signal-to-noise ratio of the analytical data (not evident from Fig. 5 ), which of course is better at high DPR.
Consequently, a high DPR is more desirable, but unfortunately, large DPRs may cause self-quenching of the label, thereby reducing the signal. Obviously, each system has its own optimal DPR. In essence, the results show that the DPR has a critical effect on the quality of the assay, which parallels the situation found in immunoassay.
The use of LPs results in several attractive features: (a) the receptor (the capture molecule) bound to the surface of the microplate also acts as the detection molecule (if fluorescently labeled), (b) unspecific binding of the analyte to the uncovered surface of the microplate does not result in a false-positive signal (which is a major limitation in SPR and radioassay technologies), (c) the LPs may also be used in FRET-type immunoassays and even extended to sandwich-type assays, (d) the LPs may be prepared well before use in coated and labeled form, and (e) the binding assay then requires addition of the potential ligand only ("mix and measure"). Like SPR, the LP method may be considered as a biosensor (biochip) method. This together, in our opinion, makes the approach presented here quite attractive.
CONCLUSION
The new detection scheme introduced here (and referred to as FLAA) for use in affinity assays is based on the determination of fluorescence lifetime (rather than fluorescence intensity, polarization, or the efficiency of energy transfer) in the nanosecond time domain. The method requires labeling of 1 of 2 binding partners only, and several labels were identified that undergo significant changes in their lifetime following affinity binding. FLAA has the advantages of being (a) straightforward, (b) compatible with existing microplate technology and methods for lifetime analysis, (c) applicable to both small and large binding partners (a fact that contrasts many polarization assay), (d) fast (in that hundreds of samples can be analyzed within minutes), and (d) requiring minute sample volumes only. These features meet many of the needs in present-day HTS. 
